We recently characterized male DahlS.Z-Lepr fa /Lepr fa (Dahl salt-sensitive (DS)/obese) rats, which were established from a cross between Dahl salt-sensitive and Zucker rats, as a new animal model of metabolic syndrome (MetS). We have now investigated cardiac pathophysiology and metabolic changes in female DS/obese rats in comparison with homozygous lean female littermates (DahlS.Z-Lepr + /Lepr + , or DS/lean, rats). Animals were maintained on a normal diet and were subjected to echocardiography followed by various pathological analyses at 15 weeks of age. Systolic blood pressure was significantly higher in female DS/obese rats than in DS/lean females at 12 weeks of age and thereafter. The survival rate of DS/obese rats was significantly lower than that of DS/lean rats at 15 weeks. Body weight, as well as visceral and subcutaneous fat mass were significantly increased in DS/obese rats, which also manifested left ventricular (LV) diastolic dysfunction and marked LV hypertrophy and fibrosis. In addition, myocardial oxidative stress and inflammation were increased in DS/obese rats compared with DS/lean rats. Serum insulin and triglyceride levels as well as the ratio of low-density lipoprotein-to high-density lipoprotein-cholesterol levels were markedly elevated in DS/obese rats, whereas fasting serum glucose concentrations were similar in the two rat strains. The phenotype of female DS/obese rats is similar to that of MetS in humans. These animals also develop salt-sensitive hypertension and LV diastolic dysfunction as well as LV hypertrophy and fibrosis, and these changes are associated with increased cardiac oxidative stress and inflammation. Keywords: cardiac hypertrophy; diastolic dysfunction; metabolic syndrome; myocardial fibrosis; salt-sensitive hypertension INTRODUCTION Metabolic syndrome (MetS), a complex of highly debilitating disorders including hypertension, diabetes mellitus and dyslipidemia, is associated with the development of visceral obesity. 1 Adipocytes in visceral fat of obese humans secrete a variety of biological agents that are known as adipocytokines and include proinflammatory cytokines such as tumor necrosis factor (TNF)-a and interleukin (IL)-6 as well as angiotensinogen and leptin. 2 Recent studies have revealed intricate interactions among adipocytes, the sympathetic nervous system and the renin-angiotensin-aldosterone system (RAAS) that contribute to the disturbed metabolic state associated with obesity. 3 Indeed, adipose tissue is thought to have an important role in the development of both hypertension and other complications related to insulin resistance. Activation of the RAAS and associated oxidative stress can result in mitochondrial abnormalities, altered bioenergetics and the accumulation of lipids in the heart, and thereby increase susceptibility to metabolic cardiomyopathy. 4
INTRODUCTION
Metabolic syndrome (MetS), a complex of highly debilitating disorders including hypertension, diabetes mellitus and dyslipidemia, is associated with the development of visceral obesity. 1 Adipocytes in visceral fat of obese humans secrete a variety of biological agents that are known as adipocytokines and include proinflammatory cytokines such as tumor necrosis factor (TNF)-a and interleukin (IL)-6 as well as angiotensinogen and leptin. 2 Recent studies have revealed intricate interactions among adipocytes, the sympathetic nervous system and the renin-angiotensin-aldosterone system (RAAS) that contribute to the disturbed metabolic state associated with obesity. 3 Indeed, adipose tissue is thought to have an important role in the development of both hypertension and other complications related to insulin resistance. Activation of the RAAS and associated oxidative stress can result in mitochondrial abnormalities, altered bioenergetics and the accumulation of lipids in the heart, and thereby increase susceptibility to metabolic cardiomyopathy. 4 Although left ventricular (LV) remodeling and dysfunction have been observed in individuals with MetS, 5, 6 the extent of cardiac injury in such individuals has remained unclear. A diet with a moderate fat content was found to induce metabolic abnormalities but did not result in LV diastolic dysfunction in obesity-prone Sprague-Dawley rats. 7 On the other hand, the SHR (spontaneously hypertensive rat)/ NDmcr-cp rat, a genetic model of MetS that is a derivative of the SHR with deficiency of the leptin receptor, was shown to develop severe hypertension and LV diastolic dysfunction as well as LV hypertrophy and coronary perivascular fibrosis when fed a high-salt diet. 8 We recently established a new animal model of MetS, the DahlS.Z-Lepr fa / Lepr fa (Dahl salt-sensitive (DS)/obese) rat, by crossing DS rats and Zucker rats with a missense mutation in the leptin receptor gene (Lepr). Male DS/obese rats develop a phenotype similar to MetS in humans, including hypertension, when fed a normal diet. In addition, they develop cardiac hypertrophy as well as renal and liver damage, which may be responsible for their premature death. 9 These observations suggested that salt sensitivity of blood pressure and target organ damage are enhanced in MetS.
We have now investigated cardiac and systemic pathophysiology, as well as metabolic changes in female DS/obese rats fed a normal diet in comparison with their lean littermates in order to characterize the cardiac phenotype in this animal model of MetS.
METHODS

Animals and experimental protocols
Ten-week-old female inbred DS/obese rats were obtained from Japan SLC (Hamamatsu, Japan) and were handled in accordance with the guidelines of Nagoya University Graduate School of Medicine as well as with the Guide for the Care and Use of Laboratory Animals (US NIH publication no. 85-23, revised 1996). The animals were fed normal laboratory chow containing 0.36% NaCl, and both the diet and tap water were provided ad libitum throughout the experimental period. At 15 weeks of age, rats were placed in metabolic cages for the collection of 24-h urine specimens. They were also anesthetized by i.p. injection of ketamine (50 mg per kilogram of body weight) and xylazine (10 mg kg À1 ), and subjected to echocardiographic analysis. The heart, kidneys and both visceral (retroperitoneal) and subcutaneous (inguinal) fat were subsequently removed and weighed, and LV tissue was separated for analysis. Age-matched female homozygous lean littermates of DS/obese rats (DahlS.ZLepr + /Lepr + , or DS/lean, rats) served as control animals. Extended details appear in the Supplementary Material online.
Blood pressure measurement and echocardiographic analysis
Systolic blood pressure (SBP) and heart rate were measured weekly in conscious animals by tail-cuff plethysmography (BP-98A; Softron, Tokyo, Japan). At 15 weeks of age, rats were subjected to transthoracic echocardiography, as described previously. 10 In brief, M-mode echocardiography was performed with a 12.5-MHz transducer (Xario SSA-660A; Toshiba Medical Systems, Tochigi, Japan). LV end-diastolic (LVDd) and end-systolic (LVDs) dimensions, and the thickness of the interventricular septum (IVST) and LV posterior wall (LVPWT) were measured, and LV fractional shortening (LVFS), relative wall thickness (RWT) and LV mass were calculated as follows: LVFS (%)¼[(LVDdÀLVDs)/LVDd]Â100; RWT¼(IVST+LVPWT)/LVDd; LV mass (g)¼({1.04Â[(IVST+LVDd+LVPWT) 3 À(LVDd) 3 ]}Â0.8)+0.14. 11 LV ejection fraction was calculated with the formula from Teichholz. 12 For assessment of Doppler-derived indices of LV function, both LV inflow and outflow velocity patterns were simultaneously recorded by pulsed-wave Doppler echocardiography. For assessment of LV diastolic function, we calculated the peak flow velocities at the mitral level during rapid filling (E) and during atrial contraction (A), the E/A ratio, the deceleration time, and the isovolumic relaxation time (IRT). Both the isovolumic contraction time (ICT) and ejection time (ET) were also determined, and the Tei index, which reflects both LV diastolic and systolic function, was calculated as follows: Tei index¼(ICT+IRT)/ET. 13 
Measurement of metabolic and hormonal parameters
Blood was collected from the right carotid artery of rats that had been deprived of food overnight and was centrifuged at 1400 g for 10 min at room temperature. The resultant serum and plasma supernatant were kept frozen at -80 1C until analysis. Serum level of glucose was measured by routine enzymatic assays. The concentration of insulin in serum was measured with the use of enzyme-linked immunosorbent assay kits (Morinaga Bioscience Institute, Yokohama, Japan). Plasma renin activity was determined by radioimmunoassay with the use of renin RIA beads (Abbott Japan, Tokyo, Japan). Plasma angiotensin II (Ang II) concentration was determined by radioimmunoassay as described previously, 14, 15 and serum aldosterone concentration was measured by radioimmunoassay with the use of a DPC aldosterone kit (Mitsubishi Chemical Medience, Tokyo, Japan). Extended details appear in the Supplementary Material online.
Histology and immunohistochemistry
LV tissue was fixed in ice-cold 4% paraformaldehyde for 48-72 h, embedded in paraffin and processed for histology as described. 16, 17 To evaluate macrophage infiltration into the myocardium, we performed immunostaining for the monocyte-macrophage marker CD68 with frozen sections (thickness, 5 mm) that had been fixed with acetone. Endogenous peroxidase activity was blocked by exposure of the sections to methanol containing 0.3% hydrogen peroxide. Sections were incubated at 4 1C first overnight with mouse monoclonal antibodies to CD68 (clone ED1, diluted 1:100; Chemicon, Temecula, CA, USA) and then for 30 min with Histofine Simple Stain Rat MAX PO (Nichirei Biosciences, Tokyo, Japan). Immune complexes were visualized with diaminobenzidine and hydrogen peroxide, and the sections were counterstained with hematoxylin. Image analysis was performed with NIH Scion Image software (Scion Corp., Frederick, MD, USA).
Superoxide production
Nicotinamide adenine dinucleotide phosphate (NADPH)-dependent superoxide production by homogenates prepared from freshly frozen LV tissue was measured with the use of an assay based on lucigenin-enhanced chemiluminescence as described previously. 18 The chemiluminescence signal was sampled every minute for 10 min with a microplate reader (WALLAC 1420 ARVO MX/ Light; Perkin Elmer, Waltham, MA, USA), and the respective background counts were subtracted from experimental values. Lucigenin chemiluminescence was expressed as relative light units per mg of protein. Superoxide production in tissue sections was examined by staining with dihydroethidium (Sigma, St Louis, MO, USA) as described. 19 Dihydroethidium is rapidly oxidized by superoxide to yield fluorescent ethidium, and the sections were examined with a fluorescence microscope equipped with a 585-nm long-pass filter. For negative controls, we performed staining with dihydroethidium after incubation of sections with superoxide dismutase (300 U ml À1 ) and confirmed that this procedure abolished the fluorescence (data not shown). The average of dihydroethidium fluorescence intensity values was calculated with the use of NIH Image software (ImageJ). 20 
Quantitative real-time PCR analysis
Total RNA was extracted from LV tissue and treated with DNase with the use of a spin-vacuum isolation kit (Promega, Madison, WI, USA). Complementary DNA was synthesized from 2 mg of total RNA by reverse transcription with random primers (Invitrogen, Carlsbad, CA, USA) and MuLV Reverse Transcriptase (Applied Biosystems, Foster City, CA, USA). Real-time PCR analysis was performed as previously described 21 with a Prism 7000 Sequence Detector (Perkin Elmer) and with primers and TaqMan probes specific for cDNAs encoding atrial natriuretic peptide, 10 brain natriuretic peptide, 10 b-myosin heavy chain, 10 collagen type I, 22 collagen type III, 22 transforming growth factor (TGF)-b1, 10 connective tissue growth factor (CTGF), 18 monocyte chemoattractant protein-1, 18 TNF-a (5¢GCTGTACCTTATCTACTCC-3¢, 5¢-CTGG TATGAAATGGCAAA-3¢ and 5¢-CTCTTCAAGGGACAAGGCTGC-3¢ as the forward primer, reverse primer and TaqMan probe, respectively; GenBank accession no. NM_012675), IL-6 (5¢-TTCCCTACTTCACAAGTC-3¢, 5¢-AGTG GTATATACTGGTCTG-3¢ and 5¢-AGGAGACTTCACAGAGGATACCAC-3¢ as the forward primer, reverse primer and TaqMan probe, respectively; GenBank accession no. NM_012589), angiotensin-converting enzyme, 10 the Ang II type 1A receptor, 10 the mineralocorticoid receptor (MR), 18 serum/glucocorticoidregulated kinase 1 (5¢-AAATCAACCTGGGTCCATCCTC-3¢, 5¢-ACCTTTCCA AAACTGCCTTTTCC-3¢ and 5¢-CCCACGCCAAACCCTCTGACTTCCAC-3¢ as the forward primer, reverse primer and TaqMan probe, respectively; GenBank accession no. NM_019232), and the p22 phox23 gp91 phox23 p47 phox (5¢-CACCTCTTGAACTTCTTC-3¢, 5¢-CATTATTCTTGCCATCTTTG-3¢ and 5¢-ATGTCTCTGGCTTCTTCACCTG-3¢ as the forward primer, reverse primer and TaqMan probe, respectively; GenBank accession no. NM_053734), p67 phox (5¢-TTTGAGGAAGGAGGAGTG-3¢, 5¢-CGAAGCCAGAAAAATTGT-3¢ and 5¢-TGAACCACAGAGGCTACAACG-3¢ as the forward primer, reverse primer and TaqMan probe, respectively; GenBank accession no. NM_001100984) and Rac1 (5¢-CGGTGCTGTCAAATACCTGGA-3¢, 5¢-TCGGATAGCTTCATCAAA CACTG-3¢ and 5¢-TCAGCACTCACACAGCGAGGACTCAA-3¢ as the forward primer, reverse primer and TaqMan probe, respectively; GenBank accession no. NM_134366) subunits of NADPH oxidase. Reagents for the detection of human 18S rRNA (Applied Biosystems) were used to quantify rat 18S rRNA as an internal standard.
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Statistical analysis
Data are presented as means ± s.e.m. Differences between groups of rats at 15 weeks of age were assessed with the Mann-Whitney U test. The time courses of body weight, SBP, or heart rate were compared between groups with two-way repeated-measures analysis of variance. Survival rate was analyzed by the standard Kaplan-Meier method and the log-rank test. A P-value of o0.05 was considered statistically significant.
RESULTS
LV geometry and function as well as animal survival and metabolic characteristics Body weight was significantly increased in DS/obese rats compared with DS/lean rats at 11 weeks of age and thereafter ( Figure 1a , Table 1 ). SBP was also significantly higher in DS/obese rats than in DS/lean rats and in female Zucker fatty rats at 11 weeks and thereafter ( Figure 1b , Table 1 , Figure 1 in Supplementary Material online), whereas heart rate was lower in DS/obese rats during the entire experimental period ( Figure 1c , Table 1 ). SBP tended to be higher in female Zucker fatty rats than in DS/lean rats during the experimental period (P¼0.063). A total of 7 of 21 (33%) DS/obese rats died during the experimental period (three from renal failure, three from cerebrovascular events and one as a consequence of anesthesia), whereas all DS/lean rats survived. Kaplan-Meier analysis confirmed that the survival rate of DS/obese rats was significantly lower than that of DS/lean rats at 15 weeks ( Figure 1d , Table 1 ). At 15 weeks, the ratios of heart or LV weight to tibial length, indices of cardiac and LV hypertrophy, respectively, were significantly increased in DS/obese rats compared with DS/lean rats, whereas tibial length was significantly shorter in DS/obese rats (Table 1) . Uncorrected heart and LV weights were also increased in DS/obese rats ( Table 1 in Supplementary  Material online) . Liver, kidney, visceral and subcutaneous fat weights were increased in DS/obese rats compared with DS/lean rats at 15 weeks. The serum insulin concentration was significantly higher in DS/obese rats than in DS/lean rats, whereas serum glucose levels were similar in the two strains after an overnight fast (Table 1) . However, in another group of DS/obese rats (n¼9), the serum glucose concentration in the non-fasted condition (472.0±32.1 mg dl À1 , range of 385.0-710.0 mg dl À1 ) was increased markedly compared with that in DS/lean rats (157.8 ± 8.9 mg dl À1 , range of 142.0-191.0 mg dl À1 ). These data indicate that DS/obese rats develop type 2 diabetes mellitus as well as insulin resistance. The serum leptin concentration in DS/ obese rats was B20 times that in DS/lean rats ( Table 2 in Supplementary Material online). Serum levels of total cholesterol, lowdensity lipoprotein (LDL)-cholesterol, high-density lipoprotein (HDL)-cholesterol and triglyceride, as well as the ratio of LDLcholesterol to HDL-cholesterol levels were increased in DS/obese rats compared with DS/lean rats. Blood urea nitrogen and urinary protein levels were significantly increased whereas the ratios of creatinine clearance to body or kidney weight were significantly decreased in DS/obese rats compared with DS/lean rats. , and heart rate (c) as well as KaplanMeier plots of survival rate (d) for DS/lean and DS/obese rats. Data for body weight, SBP and heart rate are means±s.e.m. for surviving animals (n¼10 and 21 at 11 weeks and n¼10 and 14 at 15 weeks for DS/lean and DS/obese rats, respectively). *Po0.05 vs. DS/lean rats. Echocardiography revealed that in both male and female genders, IVST, LVPWT and RWT were significantly greater in DS/obese rats than in DS/lean rats ( Table 2, Supplementary Table 3 in Supplementary Material online). Both LVFS and LV ejection fraction were also increased in DS/obese rats compared with DS/lean rats in both genders. The E/A ratio was significantly decreased and both deceleration time and IRT, which are indices of LV relaxation, were significantly increased in DS/obese rats compared with DS/lean rats in both genders. The Tei index, an overall index of LV contraction and relaxation, was also significantly increased in DS/obese rats in both genders. There were no significant differences in parameters LV systolic and diastolic function between male and female animals of the same genotype. These results thus indicated that LV diastolic function was impaired in DS/obese rats in both genders.
Cardiomyocyte hypertrophy as well as cardiac fibrosis and gene expression Microscopic analysis revealed that the cross-sectional area of cardiac myocytes in DS/obese rats was increased compared with that in DS/ lean rats (Figures 2a and b) . Hemodynamic overload was also associated with marked upregulation of the expression of fetal-type cardiac genes, including those for atrial natriuretic peptide, brain natriuretic peptide and b-myosin heavy chain, in the left ventricle of DS/obese rats (Figures 2c-e) .
Azan-Mallory staining revealed that fibrosis in perivascular and interstitial regions of the LV myocardium was increased in DS/obese rats compared with DS/lean rats (Figures 3a-c) . The abundance of mRNAs for collagen types I and III in the heart of DS/obese rats was also increased compared with that in DS/lean rats (Figures 3d and e) . In addition, the amounts of TGF-b1 and CTGF mRNAs, which correlate with cardiac fibrosis and growth, were increased in DS/obese rats compared with DS/lean rats (Figures 3f and g ).
Cardiac oxidative stress
Superoxide production in myocardial tissue sections revealed by staining with dihydroethidium as well as the activity of NADPH oxidase in LV homogenates were both increased in DS/obese rats compared with DS/lean rats (Figures 4a-c) . The expression of genes for the p22 phox and gp91 phox membrane components and for the p47 phox p67 phox and Rac1 cytoplasmic components of NADPH oxidase in the heart was also upregulated in DS/obese rats compared with DS/lean rats (Figures 4d-h ).
Cardiac inflammation
Immunostaining for the monocyte-macrophage marker CD68 revealed that macrophage infiltration in the LV myocardium was increased in DS/obese rats compared with DS/lean rats (Figures 5a, b) . 
DS/lean DS/obese
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The expression of monocyte chemoattractant protein-1, TNF-a and IL-6 genes in the left ventricle was also increased in DS/obese rats compared with DS/lean rats (Figures 5c-e) .
Activity of the RAAS DS/obese rats showed a decrease in both renin activity and Ang II concentration in plasma, as well as an increase in the ratio of serum Metabolic syndrome and cardiac injury T Murase et al aldosterone concentration to plasma renin activity compared with DS/ lean rats ( Table 1) . The serum aldosterone concentration did not differ significantly between the two strains. Finally, the expression of angiotensin-converting enzyme, Ang II type 1A receptor, MR and serum/glucocorticoid-regulated kinase 1 genes in the left ventricle was increased in DS/obese rats compared with DS/lean rats ( Figure 6 ).
DISCUSSION
We have now found that female DS/obese rats fed a normal diet develop obesity as well as salt-sensitive hypertension, dyslipidemia and type 2 diabetes mellitus including insulin resistance, suggesting that female DS/obese rats may be a good animal model of human MetS as we previously shown for DS/obese males. 9 In addition, female DS/ obese rats developed LV hypertrophy, fibrosis and diastolic dysfunction as well as cardiac oxidative stress and inflammation. Both lowrenin hypertension with relative aldosterone excess and activation of the cardiac RAAS may have contributed to cardiac remodeling and diastolic dysfunction in these animals. Blood pressure in genetically obese animals with leptin resistance, including Zucker fatty (fa/fa) rats, has been shown to be reduced or at least not elevated compared with that in corresponding lean littermates. 24 In the present study, however, SBP was higher in DS/obese rats than in DS/lean rats and in Zucker fatty rats at 11 weeks and thereafter, suggesting that the presence of the fa allele of Lepr on the DahlS background is associated with increased salt sensitivity of blood pressure, which may contribute to the development of cardiovascular complications and premature death within shorter period than in Zucker fatty rats. 9, 25 The arterial pressure control mechanism of diuresis and natriuresis appears to be shifted toward higher blood pressure levels in obese individuals. 26 The elevation of SBP in DS/ obese rats was also accompanied by the increases in both homeostasis model assessment-insulin resistance and cardiac inflammatory responses, consistent with the concept that insulin resistance and inflammation may give rise to an altered profile of vascular function and thereby lead to hypertension. 26 Obesity, especially when complicated with hypertension, is associated with changes in cardiac structure and function. 27 Concentric cardiac remodeling was the most prevalent pattern noted in obese subjects, with concentric hypertrophy being the most prevalent in obese subjects with hypertension. Furthermore, obesity, hypertension and concentric hypertrophy were found to be independent predictors of diastolic dysfunction. Given that both the ratio of LV weight to tibial length (or echocardiography-derived LV mass) and the RWT, as well as the expression of fetal-type cardiac genes were significantly increased in female DS/obese rats, concentric LV hypertrophy was also induced in association with obesity and hypertension in these animals. Cardiac fibrosis is a pathological feature associated with hypertension and is responsible for LV diastolic dysfunction, likely as a result of increased LV diastolic stiffness. 18 DS/obese rats developed hypertension and showed impairment of LV relaxation as well as an increase in the extents of LV perivascular and interstitial fibrosis, and these changes were accompanied by upregulation of TGF-b1 and CTGF mRNAs in the heart, consistent with previous observations showing that these growth factors are involved in the development of LV remodeling in a rat model of heart failure 28 and in SHR/NDmcr-cp rats fed a high-salt diet. 8 Macrophages have been implicated in fibrosis associated with various pathological conditions. In the present study, macrophage infiltration into the interstitial space of the myocardium was accompanied by upregulation of the expression of genes for proinflammatory chemokines and cytokines, including those for monocyte chemoattractant protein-1, TNF-a and IL-6, in the heart of DS/obese rats. These changes may thus have contributed to myocardial fibrosis. 29 monocyte chemoattractant protein-1 has an important role in the infiltration of inflammatory cells into cardiovascular tissue and has been associated with the progression and severity of heart failure in rats. 18 TNF-a is a proimflammatory cytokine that has been implicated in the pathogenesis of cardiovascular diseases such as acute myocardial infarction, chronic heart failure and atherosclerosis, and cardiac overexpression of TNF-a causes LV remodeling. 30 IL-6 is secreted by cardiomyocyte and increased in failing hearts. 31 The increased IL-6 is involved in diabetic deterioration and may be associated with cardiac hypertrophy. 32 Increased oxidative stress has been recognized in experimental animal and human obesity, and may contribute to the development of MetS. 33 Experimental models of heart failure also support the notion that increased oxidative stress has a role in the pathogenesis of myocardial remodeling and failure. 34 We found that both NADPHdependent superoxide generation and the expression of NADPH oxidase subunit genes were increased in the heart of DS/obese rats, consistent with data from SHR/NDmcr-cp rats. 8 Excess reactive oxygen species may contribute to impairment of LV diastolic function through inhibition of Ca 2+ -handling proteins. 35 In addition to impairments in metabolic signaling and oxidative stress, genetic and environmental factors, aging and hyperglycemia all contribute to reduced mitochondrial biogenesis and mitochondrial dysfunction. 4 These mitochondrial abnormalities can predispose a metabolic cardiomyopathy characterized by diastolic dysfunction. Reactive oxygen species (ROS) generated by dysfunctional mitochondria may have contributed to myocardial oxidative stress in DS/obese rats. In failing myocardium, there is increased expression of TNF-a. 36 Increases in TNF-a expression induce activation of NADPH oxidase and production of ROS. 37 Increased myocardial IL-6 expression is associated with the progression of heart failure. 38 IL-6 is produced by myocardium in heart disease and might be stimulated by ROS. 39 IL-6 also increases the formation of ROS. 40 These observations suggest that oxidative stress induced by these inflammatory cytokines may have a role in cardiac remodeling and diastolic dysfunction in DS/obese rats.
The RAAS has also been implicated in the pathogenesis of MetS. 41 Individuals with low-renin or salt-sensitive hypertension have an increased risk of end organ damage, cardiovascular events and mortality compared with those with other types of hypertension. 42 Patients with low-renin hypertension and relative aldosterone excess have impaired endothelial function, which might contribute to adverse outcomes. 43 In the present study, renin activity and the concentration of Ang II in plasma were markedly reduced in DS/ obese rats compared with DS/lean rats, whereas the serum aldosterone concentration did not differ between the two strains, similar to hormonal data from obese hypertensive women in comparison with obese normotensive women. 44 These findings are indicative of inappropriate aldosterone secretion, possibly as a result of an increased adrenocortical sensitivity to Ang II. Treatment of adrenocortical cells with LDL was previously shown to result in marked potentiation of the Ang II-induced production of aldosterone. 44 The increase in the aldosterone/renin ratio observed in DS/obese rats may thus be attributable to the elevated LDL level or to other adipocyte-derived aldosterone-releasing factors. 45 Whereas the systemic renin-angiotensin system was suppressed, we found that the expression of angiotensin-converting enzyme and Ang II type 1A receptor genes was increased in the heart of DS/obese rats, consistent with previous data showing that the cardiac renin-angiotensin system was activated in response to pressure overload in rats with salt-sensitive hypertension. 10, 18 Aldosterone and the MR have also been recently implicated in the development of MetS. 46 Whereas the serum aldosterone concentration was not altered in DS/obese rats, the abundance of mRNAs for the MR and the aldosterone effector kinase serum/ glucocorticoid-regulated kinase 1 was increased in the heart, consistent with a pathological role for ligand-independent MR activation. 47 Relative aldosterone excess in the setting of low-renin activity and enhanced MR signaling in the myocardium results in increased oxidative stress and inflammation, leading to the development of cardiac remodeling and dysfunction. 18, 48 These data are also consistent with previous results showing that serum/glucocorticoid-regulated kinase 1 enhances myocardial hypertrophic response as well as has a role in mineralocorticoid-induced tissue fibrosis. 49, 50 Together, these observations suggest that relative aldosterone excess and activation of the cardiac RAAS may be involved in the pathogenesis of LV remodeling and diastolic dysfunction in DS/obese rats.
We used female DS/obese and DS/lean rats because this study aimed to investigate whether the phenotype of female DS/obese rats is similar to that of male DS/obese rats, which have recently been characterized as a new animal model of MetS. 9 As a result, the cardiac phenotype in female DS/obese rats has been found to be qualitatively similar to that of male DS/obese rats.
In conclusion, the phenotype of female DS/obese rats fed a normal diet is consistent with that of MetS in humans. Both male and female DS/obese rats may thus be an appropriate model for this condition. These animals develop salt-sensitive hypertension as well as LV diastolic dysfunction, hypertrophy and fibrosis, all of which are accompanied by increased cardiac oxidative stress and inflammation. Relative aldosterone excess and activation of the cardiac RAAS may contribute to the pathogenesis of cardiac remodeling and diastolic dysfunction in these animals. Further investigations are required to clarify the molecular mechanisms that underlie MetS and its associated cardiac injury.
